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Abstract 
The Budapest Neutron Centre (BNC) is a consortium of institutes to co-ordinate research activities carried out at the Budapest 
Research Reactor. It hosts two neutron imaging facilities (RAD and NORMA) operated by the Centre for Energy Research, 
Hungarian Academy of Sciences and offers access to this scientific infrastructure for the domestic and international users.  
The radiography station (RAD) at the thermal neutron beamline of the reactor gives a possibility to study relatively large 
objects by thermal neutron-, gamma- and X-ray radiography, and to benefit from the complementary features of the different 
radiations. RAD is being extended in 2014 with digital imaging and tomographic capabilities. The image detection is based on 
suitable converter screens. The static radiography and tomography images are acquired by a new, large area sCMOS camera, 
whereas the dynamic radiography is accomplished by a low-light-level TV camera and a frame grabber card. 
The NORMA facility is designed to perform neutron radiography and tomography on small samples using guided cold 
neutrons. Here two non-destructive techniques are coupled to determine the chemical composition and to visualize the internal 
structure of heterogeneous objects. The position-sensitive element analysis with prompt-gamma activation analysis (PGAA) 
and the imaging with neutron radiography/tomography (NR/NT) are integrated into a unique facility called NIPS-NORMA. The 
goal of such a combination of these methods is to save substantial beam time in the so-called NR/NT-driven PGAI (Prompt 
Gamma Activation Imaging) mode, in which the interesting regions are first visualized and located, and subsequently the time-
consuming prompt-gamma measurements are made only where it is really needed. 
The paper will give an overview about the technical details of the facilities, and the latest results of selected applications from 
the fields of archaeometry, engineering and material science. 
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1. Introduction 
The Budapest Research Reactor (BRR), along with its experimental stations, is one of the largest and most 
significant research organizations in Hungary. The reactor is operated in cycles of 10 effective days. About 160 
operational days per year are foreseen for the next few years which make it possible to perform quite a few 
experiments. This infrastructure is open for the domestic and international user community and hosts exploratory 
and applied research in science and technology, as well as the methodical developments in neutron beam and 
irradiation techniques. The applications include industrial R&D, material science, geology, and healthcare as well 
as the conservation of cultural heritage objects.  
In 1992, a consortium named the Budapest Neutron Centre (BNC) was formed as an association of four 
academic institutes involved in neutron research. The role of BNC is to coordinate the reactor utilization, to 
stimulate research and to provide access to the international user community. It was involved in several EU 
Transnational Access Programs (FP5, FP6 and FP7 NMI3, CHARISMA, EFNUDAT, ERINDA, CHANDA, C-
ERIC) in the last 10-15 years. BNC offers a large suite of reactor irradiation equipment, thermal neutron beam 
instruments and cold neutron spectrometers. 
Among several others, BNC hosts two neutron-imaging facilities (RAD and NIPS-NORMA), providing 
innovative infrastructure for the imaging community. Both of them are operated by the Centre for Energy 
Research, Hungarian Academy of Sciences. The RAD facility (Balaskó et al., 2005) gives a possibility to study 
objects needing a large field of view (up to 20 cm) and massive sample manipulator, whereas the NORMA 
(Neutron Optics and Radiography for Material Analysis) facility is designed to make neutron radiography and 
tomography of smaller objects (up to 4 cm) using guided cold neutrons.  
The neutron radiography facility (RAD) makes use of various radiations (thermal neutron-, gamma- and X-ray 
radiography) to benefit from their complementary nature, and is used to obtain information on the structure and/or 
inner processes of a given object. It is utilized for various non-destructive test measurements, on either a static or 
dynamic system. The latter application makes it possible to visualize and analyze the flow of fluids (Balaskó et al., 
2013), the evaporation and the condensation processes in closed metal containers or tube systems, and many other 
kinds of dynamic events. 
At the NIPS-NORMA facility, a novel non-destructive procedure has been developed to determine the 
distribution of major elements and visualize internal parts of heterogeneous objects by combining position-
sensitive prompt-gamma activation analysis (PGAA) and neutron radiography/tomography (NR/NT) into a unique 
facility (Belgya et al., 2008). A clever combination of these two methods saves substantial beam time in the so 
called NR/NT-driven PGAI (Prompt Gamma Activation Imaging) mode. Here the interesting regions are visualized 
and located first, and subsequently the time-consuming prompt-gamma measurements are made only where they 
are really needed. 
This paper gives an overview about the technical details of the facilities, and some selected applications from 
the field of archaeometry, engineering and material science. 
2. Experimental 
The neutron source for the imaging facilities is the Budapest Research Reactor (BRR). The VVR-SM type BRR 
is a water-cooled and water-moderated research reactor with 10-MW thermal power. It has 10 horizontal channels 
(8 radial and two tangential) for experimental purposes. Radial channel No. 2 serves the RAD station, and cold 
neutron guide No. 1 serves the NIPS-NORMA facility. This latter is situated at the end of a 35 m long curved guide 
to reduce the direct view to the core, and it has been upgraded with 2 theta supermirrors for higher throughput.  
The RAD thermal neutron imaging facility is served by a complex, Cd-covered pin-hole-type collimator for 
neutron and gamma radiation. The facility has two measurement positions along the neutron beam (see Fig. 1), 
which are used for dynamic (DNR at 209 cm from beam port) and for static (SNR at 282 cm from beam port) 
imaging with L/D ratios of 170 and 195, respectively. The thermal neutron fluxes at the two sample positions are 
4.64×107 cm-2sec-1and 3.38×107 cm-2sec-1, respectively. The beam has a neutron to gamma ratio of 
1.72×105 cm-2mR-1 and a cadmium ratio of 3.3. The thermal to epithermal flux measured by the cadmium covered 
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and bare gold monitor method is about 51. The beam diameter is adjustable up to a maximum of 230 mm at the 
SNR position. There is a possibility to use beam filters made of Cd and In layers, resulting in an energetically 
modified and somewhat lower flux of 3×106 cm-2sec-1. The gamma-ray intensity is about 8.5 Gy/h, making it 
possible to carry out gamma-radiography measurements. The RAD facility is also equipped with a set of X-ray 
tubes, covering the energy range between 50-300 keV with max. 5 mA current. A motorized sample manipulator 
with maximum load up to 250 kg is available to support the investigated objects.  
a  b 
Fig. 1. (a) The structural layout of the new RAD facility with the neutron beam and the three lenses used for static imaging. The system is to 
accomplish dynamic radiography using a low-light-level TV camera coupled to a zoom optics which is placed at the camera position. The 
mirror set 45 degrees to the beam axis is not shown; one can just see its support frame in the house for the scintillator and the mirror. The 
different light cones of the three lenses used for static imaging are shown, however, not taking into account the 90 degrees reflection on the 
mirror. (b) The side view photo of the light-tight camera house showing the three lenses interchangeably coupled to the digital camera. Lenses 
with 50 mm, 105 mm and 300 mm fixed focal lengths are used for 3-step magnification to match the image to the chip size of the camera. The 
changes of the lenses are carried out by moving them up and down in front of the camera using an XY-positioning mechanics. The whole 
optical system is focused on the plane of the scintillator plate by positioning the lenses and the camera along the X-axis. To help focusing the 
scintillator plate is temporarily replaced by a homogeneously light-illuminated etalon glass plate that has a pattern of 0.1 mm wide black stripes. 
The RAD station is receiving a significant upgrade in 2014. The most notable improvement is the installation of 
new, digital imaging equipment. The renewed facility will be able to carry out tomographic imaging based on 
suitable scintillation screens. The selection of the available screens are as follows: for neutron radiography, 
scintillation screens with resolution of 50-200 ȝm; for gamma- and X-ray radiography, a NaI(Cs) single crystal 
with resolution of 200 ȝm, or a ZnS screen with resolution of 100 ȝm. To better fulfil demands from users there is 
a possibility to apply larger or smaller fields of view with lower and higher spatial resolution, respectively. The 
static radiography and tomography will be accomplished by a new, large area Andor Neo 5.5 sCMOS 
2560×2160 px camera. Here altogether three different optical systems can be setup using the available lenses with 
50 mm, 105 mm and 300 mm fixed focal lengths interchangeably coupled to the digital camera, as one can see in 
Fig. 1. The dynamic radiography will be done by a low-light-level TV camera (640×480 px) with a light sensitivity 
of 10-4 lux. The imaging cycle of this camera is 40 msec, making possible real-time imaging. A zoom optics 
coupled to this camera gives a variable field of view. The two cameras can be used interchangeably in the light-
tight camera box equipped with a rail system providing the necessary optical path length. 
In addition to the cameras, the photo-luminescent imaging plate (IP) technique is also available for high-
resolution X-ray and neutron radiation detection with transfer method using In and Dy (100 ȝm) foils. The exposed 
IP-s are read out by a BAS 2500 image plate reader unit coupled to the AIDA image processing software.  
The NIPS-NORMA, a neutron-induced prompt gamma-ray spectroscopy facility with imaging capabilities, and 
the PGAA, a prompt gamma-ray activation analysis facility share the end position of the neutron guide No. 1. The 
NIPS-NORMA is designed for a wide range of experiments that involve nuclear reaction-induced prompt and 
delayed gamma radiations, γ-γ-coincidences, large-sample PGAA, Prompt Gamma Activation Imaging, as well as 
neutron radiography and tomography whereas the PGAA is used for non-destructive elemental analysis of samples 
by observing neutron-capture prompt gamma rays.  
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The experimental area has a 3×6.5 m2 footprint in the guide hall (see Fig. 2a). The neutrons enter the cabin and 
fly along a 3 m long evacuated aluminum flight-tube to the beam stop placed at the wall of the guide hall. A 
pneumatically actuated instrument shutter is used to control the entry of the neutron beam into the cabin while two 
computer-controlled secondary shutters are in place to allow independent operation of the two facilities. All 
sections of the modular aluminum flight tube can easily be removed and reinstalled as needed. Collimators of 
appropriate sizes are used for the two beams. At present, the upper beam is used for PGAA measurements while the 
lower beam is used for NIPS-NORMA experiments. 
a  b  
Fig. 2. Layout of the PGAA and NIPS-NORMA experimental area (panel a). and the spatial distribution of the beam’s inhomogeneity (panel b) 
The thermal-equivalent neutron flux at the NIPS-NORMA sample position is 2.7×107 cm-2sec-1. The beam could 
be collimated to a maximum cross-section of about 4.4×4.4 cm2. The intensity of the incoming neutron flux is 
monitored and recorded with a neutron detector throughout the whole reactor campaign with 10 s time resolution. 
The spatial distribution of the beam is quite inhomogeneous as it is illustrated in Fig. 2b; the energy distribution of 
the neutrons was measured by time-of-light technique (Belgya, 2012). The L/D ratio of the beam is 233, measured 
by the Gd-foil’s edge method (line spread function taken as the function of the foil’s distance to the screen). 
The images are digitally recorded by an Andor DU934P-BV–iKon M 1024×1024 px CCD camera that is 
connected to a Canon EF 85mm f/1.2 L II USM optics and a close-up lens. The scintillator screen is ZnS/6LiF: 2:1, 
NR Al 1 100 100×100 from RC TRITEC AG. The camera is typically cooled to -70°C with air cooling. The image 
processing is done with Octopus 8.6 and the latest version of FIJI, whereas the VG Studio 2.1 is applied for 3-D 
volume rendering. 
3. Selected examples 
3.1. Turbine blade inspection – casting template residues 
There was a joint investigation carried out at both facilities (RAD and NIPS-NORMA) with the objective of 
inspecting by thermal and cold neutron radiography the potentially damaging ceramic casting template residues in 
inner cooling gas channels of a turbine blade. The cobalt and nickel-based superalloy objects made by investment 
casting that were studied were developed for aerospace and industrial gas turbine blades and vanes. Depending on 
the design, the castings are solid or have an inner gas path. The investment casting technology uses a complex 
embedded ceramic core to produce gas flow paths in the metal object. All manufactured parts are subject to a 
routine non-destructive testing with X-rays. 
Suspecting a core residue, which at the time of the experiment was not detectable with traditional X-ray 
technology, a multinational company asked BNC if there was a method to reveal core residue with a method other 
than X-ray imaging. BNC developed a technique to be able to visualize the residues. In this method objects were 
immersed in a bath of cadmium-sulphate solution so that possible residues could take up easily detectable amounts 
of cadmium or water, and this intensified the original contrast. If even higher change in contrast is needed, 
gadolinium nitrate can be used instead of the cadmium sulphate. 
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Parallel studies were carried out on four blades at the RAD and the NIPS-NORMA facilities using thermal and 
cold neutrons, respectively. We were able to demonstrate that the core residues can be detected by both kinds of 
neutrons (Fig. 3). 
a  b  c  
Fig. 3.(a) NR image of immersed blade (No. 6) with quality control etalons (BPI and SI) acquired at RAD; Examples of ceramic core residue 
material after a Cd solution bath. Detailed images show part of the blade (ca. 40×40 mm2) where the core residues were detected by thermal (b: 
RAD) and cold (c: NORMA) neutron radiography.  
3.2. Distribution of H/Zr ratio in a damaged Zr fuel rod cladding 
In this study we used the position-sensitive NR/NT-driven PGAI method at NIPS-NORMA facility to analyse 
the longitudinal distribution of an element along an object. The elemental ratios can be determined with this 
technique, based on the precise evaluation of a pair of prompt-gamma peaks. In particular, the method was applied 
to determine the spatial distribution of the H/Zr atomic ratio along the longitudinal axis of a Zr clad fuel rod from 
Paks Nuclear Power Plant (Novotny et al., 2013), following secondary hydriding. When ballooning and then 
cladding breakup occurs at hot spots, the steam could penetrate through the burst opening into the gap between fuel 
pellets and inner cladding surface. It was shown that the embrittlement of the Zr-alloy found during the mechanical 
testing is closely related to the local quantity of the hydrogen absorbed in the metal. The maximum of the axial 
distribution of the H-content was not in the middle part of the ballooned section but far from it as can be seen in 
Fig. 4. The imaging technique was indispensable to link the measured concentrations to the visual features of the 
item. 
a  b
Fig. 4. (a) The irradiated parts of the ESH1 rod cladding are shown in the photo. One can see the ballooning on the top edge and the bursting on 
the bottom edge of the rod cladding, respectively. The neutron radiographic image of the rod cladding is a merge of four overlapping tile-like 
images. There is no colorscale shown because radiographic images were used only for setting up PGAI. A Gd marker shown on both images 
was used to help positioning. (b) The spatial distribution of the H/Zr atomic ratio along the longitudinal axis of the cladding rod. 
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3.3. NT-driven PGAI of a bronze object 
The available literature does not provide enough information about the inner structure and elemental 
composition of Ottoman balance weights. This knowledge could be useful to distinguish them from the Roman 
weights, because, in the absence of appropriate information, some of the Ottoman weights (16-19. century) were 
dated back to the Roman age and classified in the Roman collection of the Hungarian National Museum by former 
researchers. It was particularly uncertain how to classify the pear-shaped weights. Therefore, finds which can 
certainly be dated to the Ottoman occupancy of Hungary based on the archaeological circumstances of discovery 
have special importance 
In order to facilitate a more comprehensive understanding, a pilot study using X-rays and cold neutrons was 
initiated at the BNC. The Turkish Collection of the Hungarian National Museum owns a proven Turkish origin 
balance weight from Ócsa (catalog number: 92.57.2.B, see Fig. 5a). The object is pear-shaped, with a lead filling 
inside the bronze mantle (Fehér 1993). The weight of the object is 165 g, which was equal to 50 dirhem. Based on 
the archaeological context it is dated to the 16th century.  
a  b  c  d  
Fig. 5. Photography (a) and 3D tomography (b) image of a Turkish-Ottoman balance weight (catalog number: 92.57.2.B). Radiography images 
(c and d) show the exact positions of the PGAI measurements. 
Non-destructive XRF measurements were carried out on several surface spots of the object with a handheld 
Innov-X Delta Premium equipment. The XRF results were, however, not consistent for the bronze alloy 
composition, presumably as a consequence of the previous restoration work and surface treatment processes. 
Therefore, a non-destructive bulk analytical method, the NR/NT-driven PGAI technique was chosen for further 
position-sensitive analysis of the alloy composition.  
To obtain the detailed structural information of the object, neutron tomography was performed. After the 3D 
reconstruction several various sized chunks probably of bronze were discovered, which had been placed inside the 
filling material (Fig. 5.b). Based on the grayscale values the attenuation coefficient for these chunks and the mantle 
are similar. Their presumable role was to set the accurate weight. 
PGAI measurements were carried out by irradiating the mantle and the top of the weight (Fig. 5c-d) to mitigate 
the effect of both neutron self-absorption and gamma-ray self-attenuation. Such kinds of attenuation corrections 
were beyond the scope of the present pilot study because of their extreme complexity. For elemental ratio 
comparisons only the peak areas from higher energy gammas were used to further mitigate attenuation effects.  
The results show that the Sn/Cu ratios for the mantle (Sn(1171 keV)/Cu(7636 keV) = 0.042±18%) and the top 
(Sn(1171 keV)/Cu(7636 keV) = 0.049±9.3%) agree within the statistical uncertainty. This means that these two 
parts of the object were probably made from the same material. If, however, we consider the Fe/Cu ratio it turns 
out that the ratios for the mantle (Fe(7645 keV)/Cu(7636 keV) = 0.18±3.7%) and for the top 
(Fe(7645 keV)/Cu(7636 keV) = 0.008±16%) do not agree within the statistical uncertainty. The reason for this 
could be some elevated iron content of the filling material, which was irradiated together with mantle.  
These preliminary results are promising enough to encourage a wider study among the available Turkish and 
Roman weights. 
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Appendix A. Afterglow of the ZnS:Cu/6LiF neutron scintillation screen 
The scintillator screen used for neutron imaging at NIPS-NORMA facility is a 2:1 mixture of ZnS/6LiF doped 
with Cu to produce visible green light from the impacted neutrons. During the careful analysis of the time-resolved 
dark beam image sequence measurements a fading light was detected after switching off the neutron beam. It 
turned out that the screen has a longer-than-expected afterglow in the time range of minutes, which could have an 
adverse effect on the normalized radiographic images corrected only for the real dark current of the camera chip.  
We have acquired a series of dark beam images with an illuminated area of ca. 4.4×4.4 cm2. An intense area in 
the center part of the images was taken into consideration as a ROI (region of interest), and the average gray values 
(grv) were determined for this ROI for each image separately. The variation of the mean of this ROI gave the time 
series to characterize the afterglow. The exposure time was set to 2 sec, and at every 4th second an image was 
taken, with a total of 150 images. This spanned a time period of 600 sec as shown in Fig. 6. 
  
Fig. 6. Neutron screen afterglow (+: data points, solid line: function fitted to data) over a 600 sec time period after switching off the beam. 
The light detected after switching off the neutron beam can be very well described by a two-component decay 
curve. A double exponential fit of the data was carried out with the function y(t):  
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From the fit, we could calculate the half-lives and the constants of the decay curve: 
T1 = 55.6 s; T2 = 6.9 s 
y0 = 1239 ± 1 grv; a1 = 367 ± 8 grv; a2 = 750 ± 9 grv 
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Because the decay half-lives do not resemble the decay of the Cu-64 (about 12.7 h) or the Cu-66 (about 5 min) 
created by the capture of a neutron, a possible explanation regarding this long-term decay could be that ZnS can act 
also as a long afterglow pigment. During an illumination with a neutron beam some vacancies in the ZnS crystal 
lattice are formed, which can act as traps for electrons and cause the observed afterglow. In this case a ZnS 
scintillator activated with Ag should exhibit a comparable afterglow curve. Unfortunately, authors have no access 
to Ag activated ZnS scintillator screens to support this idea. 
The real dark current of the chip (i.e. without any previous neutron beam illumination) is about 1223 ± 6 grv. 
The level of the afterglow measured 2 seconds and 600 seconds after switching off the beam is about 2370 grv and 
1240 grv, respectively. The problem is that the values depend strongly on the time difference between the image 
and the open beam or sample images. This kind of afterglow could cause some bias in the quantitative gray values 
(of about 1.5-2%) for a corrected image. Therefore we worked out a solution to produce better corrected and more 
reproducible radiographic images. Here the screen is illuminated by an open beam for about 10 minutes to reach 
saturation, before taking a set of open beam images. A dark beam image is then taken immediately after the beam 
shut off. The next dark beam image is taken after a subsequent 30 second re-saturation interval. In this way the bias 
mentioned above could be very well removed for homogeneous objects with good transparency. For 
inhomogeneous objects with lower transparency a better solution would be to produce separate dark beam images 
for each radiographic projection because the object’s variable shadow is imprinted in certain areas of the screen for 
some time, producing a different dark beam level in different areas. 
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